Abstract -Optimum-matched dielectric-slab fflled wavegnide phase shifters are designed with the method of field expansion into eigenmodes, which includes higher order mode interaction between the step discontinui- i4~)*, q~]~~are the still unknown eigenmode amplitudes of the forward and backward waves in the subregions (v) which are suitably normalized so that the power carried by a given wave is proportional to the square of the wave amplitude coefficients. By matching the field components at the corresponding interfaces of the adjacent subregions ( Fig. 2(b) ) at z = O, the coefficients xl:) and 11~~})~in (2) can be determined after multiplication with the' appropriate orthogonal function, related to each subregion [12]. This leads to the scattering coefficients of the step at z = O
This paper describes a field theory analysis of dielectricslab phase shifters with multi-section transformer ends ( Fig. 1) , which is based on field expansion into incident and scattered waves. This allows direct calculation of the scattering matrix and the immediate inclusion of higher order mode coupling, also below the corresponding cutoff frequency.
Computer-aided design using this theory provides optimum low-input VSWR, both as a function of displacement c of the slab at a given frequency and as a function of frequency at a fixed position of the slab. A Ku-band phase-shifter prototype, which is fabricated with simple filing techniques using Rexolite for dielectric material, will verify the theory given.
H. THEORY
The three-dimensional step discontinuity problem of Fig.  2 i4~)*, q~]~~are the still unknown eigenmode amplitudes of the forward and backward waves in the subregions (v) which are suitably normalized so that the power carried by a given wave is proportional to the square of the wave amplitude coefficients. By matching the field components at the corresponding interfaces of the adjacent subregions ( Fig. 2(b) ) at z = O, the coefficients xl:) and 11~~})~in (2) can be determined after multiplication with the' appropriate orthogonal function, related to each subregion [12] . This leads to the scattering coefficients of the step at z = O
The scattering matrix of the structure of finite length 11 is given by
(diagonal matrix of the waveguide section =~-J ,.
between the discontinuities).
The scattering matrix of two and more sections, For computer optimization, the expansion into ten eigenmodes at each discontinuity has turned out to be sufficient. The final design data are proved by expansion into fifteen eigenmodes. The total time for the optimization of one set of phase-shifter parameters was about 30 tin with a SIEMENS-7880 computer.
III. RESULTS For the computer optimization, the limit of tolerated minimum return loss is chosen to be 410 dB. Higher values seem to be unrealistic since in practical designs mechanical tolerances cause, typically, return losses of a similar level which would mask the theoretical predicted behavior. Possible mechanical holders are not considered in the design. Fig. 4 shows the results of an optimized Ku-band phase shifter for design example (cf. Table I ). There are indicated the relative phase shift Acp (Fig. 4(a) ) and the input reflection coefficient ISIII in decibels (Fig. 4(b) ) at midband frequency~0 = 30 GHz as a function of normalized displacement c/a. In Fig. 4(c and for a frequency range of about 3 GHz, the minimum return loss is more than 40 dB. A Ku-band shifter prototype has been realized (Fig. 5) by simple filing techniques, where the maximum deviation 37 Fig. 5 . Photograph of the realized Ku-band phase-shifter prototype (cf. Table I , remark 3), Fig. 6 .) (WR 62 waveguide housing, dielectric material: Rexolite, e, = 2.54).
from the desired values is about -130pm (checked up by a measuring microscope, cf. Table I , remark 3)). The influence of these geometrical tolerances on the relative phase shift Arp is less than the drawing accuracy (Fig. 6(a) ).
The influence on the input reflection coefficient, however, is quite evident (Fig. 6(b) ), solid line versus dash-dotted line). The mean deviation of the two theoretical input reflection coefficients is about 10 dB. Nevertheless, in spite of these geometrical deviations, the input reflection coefficient is better than 34 dB, which is within c/a = O,. 0",0.35.
With better production techniques, which would hold the tolerance within about +0,01 mm, the theoretical predicted return losses maybe realized with values typically better than 40 dB, as has been checked by using these geometrical tolerances in the theory. In Fig. 6 , the measurements demonstrate good agreement between theory (for real prototype dimensions) and practical results. The remaining small difference between theory and measurements is due to the slight deviation of the realized dielectric-slab sections from the desired position parallel to the waveguide walls.
IV. CONCLUSION
A computer-aided design of multisection impedancematched dielectric-slab-filled waveguide phase shifters is introduced, which enables the inclusion of higher order mode coupling effects in the computations. Application of the evolution strategy method leads to optimum low return losses ( >40 dB), both as a function of displacement of the slab (for mechanically adjustable phase shift) at a given frequency, and as a function of frequency at a fixed position of the slab. Matched phase-shifter design data are given for Ku-, K-, and Ku-band prototypes.
To Ku-band design. ------reaJized dimensions including the geometrical deviations, measured by a measuring microscope (cf. Table I , remark 3). (For Fig. 6(a) , the difference between the solid and dash-dotted line is less than the drawing accuracy.) (c) Input reflection coefficient [Sll [ in decibels as a function of frequency for two normalized displacement values c/a = 0.127 (Ago = 2360), c/a = 0.329 ( Apo = 3640), as parameters. The theory corresponds to the realized phaseshifter prototype dimensions and includes the geometrical deviations. [1]
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